The relation of applied pressureheight of piston during pressure filtration was measured for aqueous 7 vol % suspensions of positively charged 150 nm alumina particles at 0.2 mm/min of crosshead speed of piston. Application of alternating current field in the frequency range from 0.01 to 1000 Hz at 10 V accelerated the colloidal phase transition from dispersed to flocculated suspension, and decreased the consolidation pressure. The characteristics of the flocculated suspension with decreasing suspension height was analyzed based on the viscoelastic models (Maxwell and Voigt models). The flocculated suspension behaved as a liquid like at a low particle concentration in both the models. The applied pressure was related to the product of viscosity of liquid element and crosshead speed of Voigt model. The influence of solid element of Voigt model became stronger with decreasing suspension height (increasing solid content of the flocculated suspension). The applied pressure was proportional to the Young's modulus of solid element in the final region of filtration.
Introduction
Pressure filtration is a useful technology to consolidate a colloidal suspension of nanometer-sized or submicrometer-sized particles in a short time. 1) 4) The consolidated cake has a uniform distribution of packing density and a narrow pore size distribution along the direction of height. 5) As a result, no cracking occurs during drying of a wet cake in air. 6) The green density of powder compact after drying depends on particle size, surface potential of particles, particle concentration of suspension, characteristics of organic or inorganic dispersant, and applied pressure.
3),4),7), 8) Recently, our group has studied the consolidation behavior of colloidal particles (Al 2 O 3 , yttria-stabilized zirconia, hydroxyapatite, mullite, SiC) of 10800 nm median sizes using a pressure filtration apparatus under a wide pressure range up to 19 MPa.
4) The applied pressure is significantly higher than a suction pressure of gypsum mold (50100 kPa). A newly observed phenomenon under a high pressure (>0.2 MPa) was a phase transition from dispersed to flocculated particles, and the transition mechanism was analyzed in our previous papers. 9 ), 10) Furthermore, new filtration theories were developed for the consolidation of a flocculated suspension after the phase transition.
7),9),10) A similar work on viscoelastic properties of SnO 2 colloidal suspensions during the solgel transition has been reported by Tokumoto et al. 11) An open aggregate growth was observed for SnO 2 colloidal suspensions containing 15 < [Cl ¹ ] < 20 mM, leading to consequent increase of interactions among aggregates and viscosity, and decrease of the elastic compliance. For samples with higher chlorine concentration ([Cl ¹ ] > 20 mM) these interactions are transitory and decrease due to the increase of interaggregate particles packing. For samples containing less electrolyte concentration
] < 15 mM) the aggregate growth is limited to the formation of microgel regions. The formation of an elastic network by interconnection among aggregates was observed for
The phase transition of colloidal suspension was also accelerated by application of alternating current field during pressure filtration. 5) This phenomenon is explained by the induced attractive force resulting from the polarization of ions included in a diffuse layer surrounding a charged particle. The suspension heightapplied pressure relation at a constant crosshead speed of piston was well explained by the developed filtration models for a flocculated suspension.
5) The particle concentration of flocculated suspension increases gradually with decreasing height of suspension. The continuous change in concentration and structure of colloidal particles dominates the final density and pore size distribution after consolidation. The purpose of this paper is to understand the characteristic of flocculated structure from the suspension heightapplied pressure relation. This relation was analyzed based on simple viscoelastic models (Maxwell model and Voigt model) and well fitted by Voigt model. That is, the viscoelastic properties of flocculated suspension are controlled by the viscosity of liquid element at a low particle concentration and is affected by the Young's modulus of solid element with increasing particle concentration.
Experimental procedure
A high purity alphaAl 2 O 3 powder with isoelectric point pH 7.8 (Al 2 O 3 >99.99 mass %, median size 150 nm, specific surface area 10.5 m 2 /g, Sumitomo Chemical Co. Ltd. Tokyo, Japan) was dispersed in double distilled water to make 7 vol % solid suspensions at pH 7 using 1 M HCl solution. Figure 1 shows scheme of the pressure filtration apparatus under an electric field. A 20 ml Al 2 O 3 suspension was consolidated through a glass filter with 20¯m pore diameter and three sheets of a membrane filter with 0.1¯m pore diameter, which were attached to the bottom of the piston moving at a crosshead speed of 0.2 mm/min. When a suspension in a closed cylinder was compressed by the piston, the filtrate flowed into and through the pore channels formed in the upper piston. The applied load and the height of the piston were continuously recorded (Tensilon RTC, A&D Co. Ltd., Tokyo, Japan). AC voltage in a frequency range from 0.01 to 1000 Hz at 10 V was applied during the consolidation of the particles through Pt wires attached to the bottom of the piston and cylinder. During the consolidation through pressure filtration, the charged colloidal alumina particles receive three types of influence: applied pressure, electrostatic interaction between particle and particle, and electrostatic interaction between particle and electrode. A similar electrostatic interaction occurs between electrode and ions included in a colloidal alumina suspension. The periodic polarization of ions in an electrical double layer under AC field accelerated the flocculation of alumina particles.
5) The current density during pressure filtration was lowered in a magnitude of A/cm 2 to minimum the influence of electrolysis of solution. The viscoelastic properties of the flocculated Al 2 O 3 suspension under the application of AC field was analyzed by Maxwell and Voigt models.
Results and discussion

Consolidation behavior of flocculated alumina suspensions
To understand the analysis of consolidation behavior by viscoelastic models, the analysis of a flocculated suspension by developed filtration models are concisely reviewed. Figure 2 shows the typical relationships between applied pressure (¦P t ) and normalized volume of dehydrated solution (V f /V 0 ) for positively charged Al 2 O 3 particles (zeta potential µ 20 mV) at pH 7.07.2 (V 0 : initial volume of suspension). In the early region during the filtration of 7 vol % alumina suspension without electric field, the applied pressure increased linearly with increasing amount of filtrate (decreasing height of suspension). This result is well explained by Eq. (1) for the filtration of well dispersed suspension.
2)
V f in Eq. (1) is the volume of filtrate, © 0 the viscosity of the filtrate, ¡ c the specific resistance of the consolidated cake, v the crosshead speed of piston, n the system parameter (≡(1 ¹ C 0 ¹ ¾ c )/C 0 , C 0 the initial volume fraction of colloidal particles dispersed, ¾ c the volume fraction of voids in the consolidated layer), A the cross sectional area of the filtration apparatus, H 0 the initial height of the colloidal suspension and h t the height of compressive piston. ¦P t is the total pressure drop (P t ¹ P 0 = ¦P t ) across the mold (P 0 ¹ P i = ¦P m ) and consolidated cake (P i ¹ P t = ¦P c ) in Figs suspension.
9) The application of alternating current field decreased drastically the filtration pressure, accelerating the phase transition to flocculated suspension (samples bf). The AC field effect on the formation of flocculated suspensions was measured in a wide frequency range from 0.01 to 1000 Hz. As seen in Fig. 2 , the alumina suspensions were consolidated at low applied pressures under the applied frequency. This mechanism was analyzed recently in our paper.
5) The periodic polarization of ions in diffuse layers is enhanced by AC field. The polarization of positive and negative ions in the electrical double layer accelerates the electrostatic attraction between polarized colloidal particles, leading to the formation of flocculated particles.
After the phase transition, the consolidation behavior of the alumina suspension was well represented by Eq. (2) for a flocculated suspension shown in Figs. 3(c) and 3(d) . 9) Figs. 3(c) and 3(d) show a model structure and hydraulic pressure profile across the mold after the phase transition from dispersed to flocculated suspension under an applied pressure. In this model, 7),9),10) the pressure drop ¹¦P s (= P t ¹ P i ) for an initially flocculated suspension is calculated by Eq. (2),
B is the ratio of the shape factor to the tortuosity constant and S the total solid surface area to the apparent volume of the consolidated system. The BS 2 value is treated as a constant value. Since ¹¦P s becomes greatly larger than ¹¦P m with decreasing h s , ¹¦P s gives a good approximation of ¦P t (= P t ¹ P 0 ). When S value is treated as a function of suspension height (S = 6(1 ¹ ¾ s )/D = (6C 0 H 0 /D)/h s , D the particle diameter, ¾ s the volume fraction of solution of the flocculated suspension (1 ¹ ¾ s = C 0 H 0 /h s )), the filtration process at a constant crosshead speed (v) is represented by Eq. (3), 10 ) Figure 4 shows the comparison of applied pressure (¦P t ) suspension height (h t ) relation between experiment (7 vol % Al 2 O 3 , 1 Hz) and theories (Eqs. (2) and (3)) for a flocculated suspension. As shown in Fig. 4 , the experimental result was well represented by Eqs. (2) and (3) from the beginning of filtration. This good agreement indicates that flocculated particles act as a filter where filtration resistance for passing solution increases gradually with decreasing height of suspension. The filtration resistance in Eqs. (2) and (3) is expressed by Eqs. (4) and (5), respectively.
That is, the filtration resistance and structure of a flocculated suspension change with the suspension height.
Elastic model of dispersed alumina suspensions
Before the analysis of characteristics of a flocculated suspension, it is useful to note briefly the elastic model for the filtration of dispersed alumina suspension. Equation (1) is transformed into Eq. (6).
The consolidation process of dispersed alumina suspension, which loses the mass of suspension during filtration, can be treated like compressive deformation of solid material with a constant mass. The change of height of piston ((H 0 ¹ h t )/H 0 ) corresponds to the engineering strain (¾) of solid material and the (© 0 ¡ c vH 0 /n) value is equivalent to the Young's modulus of solid material. As seen in Fig. 2 , a high linearity between ¦P t and V f (= A(H 0 ¹ h t )) was observed in the early region of filtration of sample (a) without external electric field. However, it is difficult to apply the elastic model for the initially flocculated suspension under AC field, which showed a nonlinear ¦P t V f relation.
Viscoelastic models of flocculated alumina suspensions 3.3.1 Maxwell model
The Maxwell model shown in Fig. 5(a) was used to clarify the characteristics of a flocculated suspension (AC 10 V, 1 Hz). When the Maxwell model is compressed at a constant crosshead speed of piston (v), the true strain (¢) is expressed by Eq. (7),
The stresses applied to solid and liquid elements are expressed by Eqs. (8) and (9), respectively, and satisfy the conditions of · = · 1 = · 2 . Eq. (3) Origin of Eqs. (2) and (3) 2 O 3 , 1 Hz) (2) and (3)) for the pressure filtration process of flocculated alumina suspension at 1 Hz of AC 10 V.
5)
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Equations (10)(13) were substituted for Eq. (14) and a useful equation (15) was derived to evaluate E 1 and © 2 values.
When h t (d·/dh t ) value is plotted against the product of ·h t value, the intercept and slope of the straight line give E 1 and (E 1 /© 2 v) values, respectively.
Figure 5(b) shows the relationship between h t (¦·/¦h t ) and ·h t for the curve measured in Fig. 4 . The result was analyzed at the interval of ¦h t = 2¯m. The analyzed h t (¦·/¦h t ) value with noisy spike was basically close to 0 in the wide range of ·h t value, indicating that E 1 = 0 and E 1 /© 2 v = 0 of Eq. (15). That is, the filtration process of flocculated suspension contains no solid element in the Maxwell model, suggesting that the flocculated suspension may behave as a liquid like during the pressure filtration. The © 2 value was not determined in the Maxwell model because the slope and intercept of Eq. (15) were 0. 
Voigt model
From Eqs. (8) and (17), · 1 is expressed by Eq. (18)
The combination of Eqs. (11), (13) and (17) gives Eq. (19). 
The plot of ·h t against the product of h t ln(H 0 /h t ) gives a straight line with slope of ¹E 1 and intercept of © 2 v in the Voigt model. Figure 6 (b) shows the relationship between ·h t and h t ln(H 0 /h t ) for the result measured in Fig. 4 . The h t ln(H 0 /h t ) value increases with decreasing h t value because of the contribution of ln(H 0 /h t ) value. Then, h t ln(H 0 /h t ) value decreases gradually owing to the influence of h t value rather than ln(H 0 /h t ) value. That is, h t ln(H 0 /h t ) value provides a maximum value at h t = H 0 /e (e: bottom of natural logarithm, 2.718). As seen in Fig. 6(b) , ·h t value was independent of h t ln(H 0 /h t ) value at h t > H 0 /e, indicating that ·h t value is approximated to be © 2 v because of E 1 = 0 in Eq. (20). In the region of h t < H 0 /e, ·h t value increased nonlinearly, suggesting that ¹E 1 h t ln(H 0 /h t ) value associated with solid element contributed to the increase of ·h t value at h c > h t (h c : critical height of suspension shown in Fig. 6(b) ). That is, the stress applied in the Voigt model is approximated as follows.
In the early region of compression, the flocculated suspension behaves as a liquid like (Eq. (21)) and this analysis is coincident with the concept derived from Maxwell model (Fig. 5(b) ). In the latter region of compression, the characteristic of flocculated suspension changes to solid element. Figure 7 shows the comparison between measured ¦P t h t relation and Eq. (21) (© 2 = 1 GPa·s) or Eq. (22) (E 1 = 225 MPa) for the alumina suspension at AC 1 Hz. The consolidation behavior of the flocculated alumina suspension was well explained by Eqs. (21) and (22) derived from the Voigt model. Therefore, it is possible to understand the characteristic of flocculated suspension to be liquid like at the early region of pressure filtration and to be solid like at the final region of pressure filtration. The simulated © 2 and E 1 values are discussed more in Section 3.3.3. A similar conclusion was also reported by Garrido and Califano. 12) They measured the viscoelastic properties of suspensions of alumina and zircon mixtures (4557 vol % solid).
The well-dispersed suspension exhibited a predominantly viscous response and changed to an elastic behavior at a high critical solid content. The elastic contribution increases with the increased concentration of free polyelectrolyte dispersant at a similar solid content. Contrarily, heterocoagulated suspensions with an insufficient dispersant addition showed a predominantly elastic behavior. Both the moduli of storage G¤ and loss G¤¤ were high and almost independent of the frequency applied (0.120 Hz). Mihoubi et al. 13) analyzed the filtration process of kaolin suspensions under a constant applied pressure using a viscoelastic model (TerazaghiVoigt model). According to their proposed model under a constant pressure, the cake porosity decreases with an increase of applied pressure (1st step) and is also reduced by a creep effect (2nd step). The cake height as a function of filtration time is well expressed by the analyzed viscoelastic function. The analyzed result using the Voigt model for a flocculated alumina suspension in this paper is strongly supported by the above papers.
Viscosity and Young's modulus of Voigt model
viscosity of liquid element and crosshead speed of piston. In the final region of pressure filtration, the flocculated suspension can be treated as a solid element in the Voigt model. The applied pressure is proportional to the Young's modulus of solid element. The viscosity of liquid element and Young's modulus of solid element in the Voigt model were associated with the parameters of filtration theory developed for the consolidation of a flocculated suspension.
